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Abstract 
 
 NIR spectroscopy has been used to measure the adsorption of p-nitrophenol on 
untreated montmorillonite and surfactant exchanged montmorillonite. P-nitrophenol is 
characterised by an intense NIR band at 8890 cm-1 which shifts to 8840 cm-1 upon 
adsorption on organoclay. The band was not observed for p-nitrophenol adsorbed on 
untreated montmorillonite.  Both the montmorillonite and the surfactant modified 
montmorillonite are characterised by NIR bands at 7061 and 6791 cm-1.  The 
organoclay is characterised by two prominent bands at 5871 and 5667 cm-1 assigned 
to the fundamental overtones of the mid-IR bands at 2916 and 2850 cm-1.  A band at 
6017 cm-1 is attributed to the p-nitrophenol adsorbed on the organoclay. The band is 
not observed for the montmorillonite with adsorbed p-nitrophenol. It is concluded that 
p-nitrophenol is adsorbed to significantly greater amounts on the organoclay 
compared with the untreated montmorillonite. The implication is that organoclays are 
most useful for removing organic molecules from water through adsorption.  
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Smectites are widely used in a range of applications because of their high cation 
exchange capacity, swelling capacity, high surface area and resulting strong 
adsorption/absorption capacities. One highly utilized application is the use of clays as 
adsorbents. In expanding clays, the most common dioctahedral smectite is 
montmorillonite, which has two silica-oxygen tetrahedral sheets sandwiching an 
aluminium or magnesium octahedral sheet, where an aluminium or magnesium ion is 
octahedrally coordinated to six oxygens or hydroxyls. Because of substitution of 
silicon by aluminium in the tetrahedral layers or similar substitution of aluminium by 
magnesium, montmorillonite layers are negatively charged [1-4]. Thus, cations like 
sodium, potassium and calcium are attracted to the mineral interlayer space to 
neutralize the negative layer charges. Because of the hydration of inorganic cations on 
the exchange sites, the clay mineral surface is hydrophilic in nature [5, 6]. This makes 
natural clays ineffective sorbents for organic compounds in that montmorillonitic 
clays are difficult to remove from aqueous suspensions.  
 
Organo-montmorillonites are synthesized by ion exchange of cationic surfactants 
such as quaternary ammonium compounds into the interlayer space. When using long-
chain alkyl ammonium cations, hydrophobic partition medium within the clay 
interlayer can be synthesised and function analogously to a bulk organic phase [3, 6, 
7]. The repeat distance of d(001) plane of the clay which has not been organically 
modified, is relatively small, and the intergallery environment is hydrophilic [6, 8, 9]. 
Intercalation of organic surfactant between layers of clays is sometimes referred to as 
pillars, can not only change the surface properties from hydrophilic to hydrophobic, 
but also greatly increase the basal spacing of the layers. At present, there are many 
applications of organo-clays using as sorbents in pollution prevention and 
environmental remediation such as treatment of spills, waste water and hazardous 
waste landfills [10-20]. Some studies have showed that replacing the inorganic 
exchange cations of clay minerals with organic cations can result in greatly enhanced 
capacity of these materials to remove organic contaminants from for example soils 
and industrial effluents [8, 9]. 
 
Organoclays may be synthesised by ion exchange of the mono or divalent cation 
Na+, Mg2+ or Ca2+ with a large organic cation such as octadecyltrimethylammonium 
bromide.  The properties of these materials change from hydrophilic to 
hydrophobic/lipophilic. These clays may then have useful properties for example the 
removal of oil, toxic chemicals and humic materials from water [21-23].  These 
modified minerals, organo-clays, represent a family of materials which have a lot of 
applications in a range of key areas, such as adsorbents for organic pollutants [24, 25], 
rheological control agents [26], reinforcing fillers for plastics  and electronic materials 
[27-29].   
 
The use of NIR spectroscopy for the determination of minerals was first 
elucidated by Hunt et al. [30-36].  NIR spectroscopy has been applied to clay minerals 
[37-41]. NIR spectroscopy has proven particularly useful for soil analysis [42, 43]. To 
date there have been few reports of the use of NIR spectroscopy to determine the 
adsorption of organic molecules on clays and organoclays [44].  These spectroscopic 
techniques have been used to determine soil components [45-48].  In this work we 
extend these studies to the determination of adsorbed p-nitrophenol on organoclay. 
Our present study demonstrates that NIR is a powerful technique to determine the 
adsorption of this organic pollutant on clay and the resulting material. It is of high 
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importance to understand well the adsorption mechanism of clay materials to organic 
pollutants and for the application of clay-based materials in pollution prevention and 
environmental remediation.  
 
Experimental 
 
Materials 
 
Montmorillonite used was primarily Ca-Mt from Neimeng, China. The 
surfactant used was hexadecyltrimethylammonium bromide labeled HDTMAB 
(CH3(CH2)15(CH3)3NH2+Br-).  The montmorillonite was cation exchanged with 
sodium ions by repeated reaction with 0.2 M sodium carbonate. Its cation exchange 
capacity (CEC) is 90.8meq/100g. Further details of the experimental section have 
been previously described [8, 9, 49-51] 
 
   Preparations of HDTMA+ Pillared Montmorillonites and XRD Determination 
 
The pure Ca-Mt was added into Na2CO3 solution, stirred for 3 h with 800 rpm 
and drops of HCl were added into the suspension to dissolve the excess carbonate [8, 
9, 49-51]. Then the suspension was washed several times with deionized water until it 
was chloride free and dried at 108 °C. Such a treated montmorillonite is designated as 
Na-Mt. There is much advancement comparing to the previous method about 
preparing the HDTMAB pillared montmorillonites [52, 53].. The various CEC 
amounts of [HDTMA]+ pillared montmorillonites were identified as 0.5CEC-Mt, 
0.7CEC-Mt, 1.5CEC-Mt, 2.5CEC-Mt.  0.2 g of organo-pillared montmorillonites with 
varying CEC concentrations were combined with 30 mL of p-nitrophenol solution at 
pH 5.0.  
 
Near and Mid Infrared  Spectroscopy 
 
NIR spectra were collected in reflectance mode using a Nicolet Nexus FT-IR 
spectrometer with a Nicolet Near-IR Fibreport accessory (Nicolet Nexus, Madison, 
Wisconsin, USA).  A white light source was used, with a quartz beam splitter and 
TEC NIR InGaAs detector.  Spectra were obtained from 11 000 to 4000 cm-1 (909 – 
2,500 nm) by the co-addition of 64 scans at a resolution of 8 cm-1. A mirror velocity 
of 1.2659 m/s was used.  The spectra were transformed using the Kubelka-Munk 
algorithm (f (R∞) = (1- R∞)2/2R∞) for comparison with absorption spectra. Mid-
infrared and NIR spectra were obtained using an FT spectrometer ((Nicolet Nexus, 
Madison, Wisconsin, USA) with a single bounce diamond ATR cell.  Spectra over the 
4000 to 500 cm-1 (2,500 – 20,000 nm) range were obtained by the co-addition of 64 
scans with a resolution of 4 cm-1 and a mirror velocity of 0.6329 cm/s. 
 
 The spectral manipulations of baseline adjustment, smoothing, and 
normalization were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was carried 
out using Peakfit software (Jandel Scientific, Postfach 4107, D-40688 Erkrath, 
Germany). Lorentz-Gauss cross product functions were used through out and peak fit 
analysis undertaken until squared correlation coefficients with R2 greater than >0.995 
were obtained with coefficients with R2 greater than >0.995 were obtained. 
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Results and Discussion 
 
 For convenience the NIR spectra of montmorillonite (Na-Mt), montmorillonite 
with adsorbed p-nitrophenol (Na-4000), organoclay and organoclay with adsorbed p-
nitrophenol (2.5CEC-4000) may be divided into sections according to the spectral 
region where NIR intensity is observed: (a) the 8000 to 9000 cm-1 region (Fig. 1) (b) 
the 6500 to 7500 cm-1 region (Fig.2) (c) the 5500 to 6500 cm-1 region (Fig. 3) (d) the 
5150 to 5350 cm-1 region (Fig 4) (e) 4000 to 5100 cm-1 region (Fig 5).  The MIR 
spectra of the OH and CH stretching regions of the montmorillonite, montmorillonite 
with adsorbed p-nitrophenol, organoclay and organoclay with adsorbed p-nitrophenol 
are illustrated in Figs 6 and 7 respectively.  The results of the NIR spectral band 
component analysis are shown in Table 1.  NIR spectroscopy is often referred to as 
proton spectroscopy. Bands which occur in the NIR spectrum are the result of 
overtone and/or combination bands of bands that are observed in the MIR spectra. 
Thus the bands in the NIR spectra of the montmorillonite clays either with exchanged 
surfactant or with adsorbed p-nitrophenol will result from the overtones of OH or CH 
bands.  The results of the MIR spectra are reported in Table 2.  In this experiment the 
p-nitrophenol is being used as a model molecule to test the adsorption on 
montmorillonite and the resulting organoclay.  
 
 The NIR spectrum of p-nitrophenol in Figure 1 shows an intense band at 8890 
cm-1. No peak is observed in this position in the NIR spectrum of montmorillonite and 
a very low intensity peak is observed for montmorillonite with adsorbed p 
nitrophenol.  The NIR spectra of these two samples show an intense band at 8646  
cm-1. This band may be attributed to water combination bands as a result of (2ν1 + ν2).  
Upon ion exchange of the sodium in montmorillonite with the organic surfactant, the 
surface properties changes from hydrophilic to hydrophobic. The 8646 cm-1 band is 
not observed in the NIR spectrum of the organoclay. The band is not a combination 
band of the clay OH vibrations as the band would be found in the NIR spectra of the 
organoclays.  Intense bands are observed at 8239 cm-1 for the organoclay and at 8254 
cm-1 for the organoclay with adsorbed p-nitrophenol.  These bands are the 
combination bands of the CH stretching vibrations of the surfactant namely (2ν1 + ν2).  
Two bands are observed for the organoclay with adsorbed p-nitrophenol at 8840 and 
8616 cm-1.  The first band is attributed to p-nitrophenol adsorbed on the organoclay. 
There is a shift of 50 cm-1 for the adsorbed p-nitrophenol.  This indicates a strong 
interaction between the p-nitrophenol and the organoclay. The implication is that the 
organoclay is useful for removing contaminants in water such as p-nitrophenol.  The 
band at 8616 cm-1 is attributed to the same band observed at 8646 cm-1 for 
montmorillonite.   
 
 The NIR spectral region between 6500 and 7500 cm-1 is the region where the 
first fundamental overtone of the OH stretching bands are observed. Two bands are 
observed for all the clay materials at 7061 and 6791 cm-1 and are assigned to the first 
fundamental overtone of the OH stretching vibrations.  A very intense band for 
montmorillonite is observed in the MIR at 3612 cm-1 (Figure 6) [54-56]. The band is 
attributed to inner hydroxyl units on the Al or Mg in the montmorillonite [54-56]. A 
shoulder is observed in the spectra of the organoclays at 3660 cm-1. This band may 
indicate an interaction between the cationic surfactant molecules and the inner 
hydroxyls [54-56]. An intense band at 3394 cm-1 is observed for the montmorillonite 
and is assigned to water molecules between the clay layers. A second water stretching 
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band is observed at 3235 cm-1. A band in this position shows strong hydration bonding 
and is attributable to water in the hydration sphere of the sodium cation. The 3394  
cm-1 band is of significantly reduced intensity for the organoclays.  This is reflected in 
the change of the surface properties from hydrophilic to hydrophobic. The bands at 
7061 and 6791 cm-1 are attributed to the first overtones of the fundamentals at 3360 
and 3394 cm-1.  
 
 The NIR spectrum in the 5500 to 6500 cm-1 region (Figure 3) is the spectral 
region for the first fundamental overtones of the CH vibrations observed in the mid-
IR spectral region. It is noted that the NIR spectrum of p-nitrophenol shows an intense 
band at 6052 cm-1 with a band of lesser intensity at 6175 cm-1.  No NIR bands for 
montmorillonite are observed in this region. A very low intensity band is observed at 
6050 cm-1 and is assigned to a p-nitrophenol band.  This shows that p-nitrophenol is 
only adsorbed on the untreated montmorillonite to a limited extent.  For the 
organoclay three prominent bands are observed at 5997, 5871 and 5667 cm-1. These 
bands are assigned to the first fundamental of the CH stretching bands observed at 
2916 (CH antisymmetric stretch) and 2850 cm-1 (symmetric stretch) in the mid-IR 
(Figure 7).  The band at 5781 cm-1 results from 2ν3 (CH) and the band at 5667 cm-1 is 
the first fundamental overtone of the ν1 (CH) band. The band at 6017 cm-1 is 
attributed to the p-nitrophenol adsorbed on the organoclay and is overlapped with the 
5997 cm-1 band.  
 
 The 5150 to 5350 cm-1 NIR spectral region (Figure 4) shows only broad 
bands.  A band is observed at around 5239 cm-1 for montmorillonite and is attributed 
to interlayer water.  There is an apparent shift in this band for the organoclay when 
two bands are found at 5269 and 5222 cm-1.  For the organoclay with adsorbed p-
nitrophenol the broad band is observed at 5228 cm-1. The NIR spectral region from 
4000 to 5100 cm-1 is the region where combination bands of MIR bands are observed. 
The montmorillonite clay is characterised by a band at around 4516 cm-1 attributed to 
interlayer water. The organoclay is characterised by peaks assignable to the cationic 
surfactant molecule (CH3(CH2)15(CH3)3NH2+Br-).  Bands are observed at 4755, 4512, 
4451, 4328 and 4258 cm-1.  The band at 4512 cm-1 is attributed to the OH units of the 
clay and the remainder to the CH2 units.  NIR bands of p-nitrophenol are observed at 
4690, 4582, 4435, 4374, 4253, 4191 and 4022 cm-1. These bands are not observed in 
the spectrum of montmorillonite with adsorbed p-nitrophenol.  For the organoclay 
with adsorbed p-nitrophenol the band at 4694 cm-1 is attributed to the adsorbed p-
nitrophenol.  It is concluded that p-nitrophenol is adsorbed to greater amounts on the 
organoclay compared with the untreated montmorillonite. 
 
Conclusions: 
 
 A montmorillonite from Neimeng, China was ion exchanged with the 
cationic surfactant hexadecyltrimethylammonium bromide to produce an organoclay. 
P-nitrophenol was adsorbed on both the untreated montmorillonite and the surfactant 
treated clay. NIR and MIR techniques have been used to study the changes in the 
band positions of hexadecyltrimethylammonium bromide upon intercalation into 
montmorillonite. Changes in both the wavenumber and the intensity of the bands 
occur as the CEC increases. Bands which are attributed to water stretching vibrations 
decrease in intensity as the ion exchange of the sodium from the montmorillonite 
occurs. Marked changes occur in the surface properties of montmorillonitic clay when 
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the cation Na+ is replaced with an organocation, in this case 
hexadecyltrimethylammonium bromide. The clay changes from being hydrophilic to 
hydrophobic and the clay becomes lipophyllic. The result is very important for the 
application of organo-clays for the adsorption of paranitrophenol from aqueous 
systems.  Paranitrophenol apparently hydrogen bonds to the water in the cation 
hydration sphere. As the loading of the surfactant increases the amount of available 
water decreases.  The paranitrophenol then interacts with the clay surface replacing or 
removing some of the surfactant molecules.  It was found using NIR spectroscopy that 
organoclay adsorbed significantly greater amounts of p-nitrophenol compared with 
the untreated clay.  
 
 In this research the p-nitrophenol is being used as a model molecule to test the 
adsorption on an organoclay.  The influences of the adsorbed paranitrophenol on the 
structure of organoclay are complicated. Generally, paranitrophenol will replace the 
intercalated surfactant and has a significant influence on the clay interlayer structure, 
i.e., the arrangement of the intercalated surfactant. This finding is very important for 
the application of organo-clays as sorbent for organic pollutants. The implication is 
that the organoclay is a suitable material for the adsorption of recalcitrant organic 
molecules from water including phenols, polyphenols, herbicides and pesticides.  
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Table 1 Results of the NIR spectra of (a) p-nitrophenol (b) Na-montmorillonite 
(Na-Mt), (c) Na-montmorillonite with adsorbed p-nitrophenol (Na-4000) 
(d) 2.5 CEC organoclay (2.5CEC) and (e) 2.5 CEC organoclay with 
adsorbed p-nitrophenol (2.5CEC-4000) 
 
p-nitrophenol Na-Mt Na-4000 2.5CEC 2.5CEC-4000 
Center FWHM % Center FWHM % Center FWHM % Center FWHM % Center FWHM % 
8884 1790.5 0.01 8646 92.6 0.02 8645 102.3 0.01 8545 648.7 0.01    
         8245 148.0 0.02 8284 885.0 0.02 
7852 510.4 0.38 7061 90.3 0.18 7085 149.2 0.03 7141 109.7 0.65 7075 93.9 0.01 
            7062 511.6 0.09 
6541 368.9 0.22 6791 256.2 0.05 6603 1178.3 0.13       
6052 471.7 0.02             
5786 1049.9 0.32       5784 170.4 0.01 5835 1110.9 0.03 
5412 138.8 0.06       5660 49.1 0.04    
5076 1405.3 0.16 5239 264.3 0.08 5263 234.0 0.01 5222 401.8 0.03 5228 202.3 0.01 
4647 2875.5 0.14 4516 310.4 0.04 4513 173.8 0.01 4476 226.9 0.04 4451 413.7 0.06 
         4206 350.5 0.19    
4000 160.8 0.13             
 10
 
Na-Mt Na-4000 2.5CEC 2.5CEC-4000 
Center FWHM % Center FWHM % Center FWHM % Center FWHM % 
3613 77.3 0.01 3619 78.3 0.09 3615 97.9 0.02    
3469 239.2 0.04 3464 224.3 0.19 3392 266.3 0.03    
3272 318.4 0.06 3290 321.6 0.35       
   3162 2258 0.76       
   2935 174.9 0.03 2917 24.3 0.03 2922 189.8 0.03 
      2849 12.3 0.01 2851 40.1 0.01 
1638 51.2 0.01 1633 66.6 0.11    1590 81.2 0.01 
   1508 51.4 0.01 1468 19.1 0.01 1482 63.4 0.02 
1433 138.4 0.02 1423 151.8 0.03 1425 33.6 0.01    
   1342 15.1 0.01       
   1284 84.1 0.03    1277 61.2 0.02 
1117 59.6 0.03    1101 58.9 0.02    
979 91.1 0.37 975 55.8 0.74 998 93.4 0.54 996 21.9 0.37 
 
 
Table 2 Results of the IR spectra of (a) Na-montmorillonite, (b) Na-
montmorillonite with adsorbed p-nitrophenol (c) 2.5 CEC organoclay 
and (d) 2.5 CEC organoclay with adsorbed p-nitrophenol 
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Figure 1 NIR spectra of (a) p-nitrophenol (b) Na-montmorillonite (Na-Mt), (c) Na-
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